Excision of phage Mu from Escherichia coli MCS2 was originally put forth as a clear example of directed mutation. This claim was considerably weakened, however, by subsequent evidence that Mu excision occurs during starvation regardless of fitness consequences. Here, I use the classical replica-plating technique to examine Mu excision during starvation of MCS2. The results support the conclusion that Mu excision is not directed but is, instead, nonspecifically induced by starvation.
In Escherichia coli MCS2 (15) , part of the ara operon has been joined to structural genes from the lac operon by DNA from a Mu prophage. With this prophage intact, MCS2 is incapable of utilizing lactose or arabinose for growth. Upon excision of the prophage in an appropriate reading frame, however, MCS2 is phenotypically Lac(Ara) ϩ ; it is capable of utilizing lactose with arabinose as an inducer. Cairns et al. (2) claimed that mutation to the Lac(Ara) ϩ phenotype in MCS2 is directed, in that it apparently occurs only when cells are starving in the presence of lactose and arabinose. Mittler and Lenski (13) subsequently presented evidence that Lac(Ara) ϩ mutants arise in starving MCS2 cultures regardless of whether a carbon source is present and concluded that there was no support for the claim of directed mutation in MCS2.
In order to reveal Lac(Ara) ϩ mutants in MCS2 cultures starving in the absence of sugars, Mittler and Lenski starved plate cultures on medium lacking usable carbon and then sprayed these cultures with a solution of arabinose and lactose. Critics (6, 16) noted that this procedure did not rule out the possibility that starvation simply prepares some Lac(Ara) Ϫ progenitor cells to undergo rapid directed mutation to Lac(Ara) ϩ upon exposure to lactose and arabinose. Mittler and Lenski did show, however, that the frequency of Lac(Ara) ϩ mutants detected in a nonselectively starved MCS2 culture is stable when that culture is regrown in glucose (13) ; that result does not support the existence during starvation of unstable intermediates that rapidly convert to the Lac(Ara) ϩ phenotype upon exposure to lactose and arabinose. Nonetheless, Foster (6) called for the application of classical genetic methods-i.e., sib selection (4), fluctuation analysis (11) , and replica plating (9)-to the question of whether Mu excision is directed in MCS2.
Maenhaut-Michel and Shapiro (12) have recently used sib selection to demonstrate the existence of Lac(Ara) ϩ cells in starving MSC2 cultures that have not been exposed to lactose and arabinose; Foster and Cairns (7) have employed fluctuation analysis with similar results. Here, I use replica plating to test for directed mutation in MCS2.
Four cultures inoculated from a purified clone of MCS2 were grown for 24 h at 37ЊC in Davis minimal liquid (3) containing 1 mg of glucose ml
Ϫ1
. Two aliquots of ϳ6 ϫ 10 8 cells from each culture were then spread on agar plates containing Davis salts but no added carbon source (S plates). Four of these S-plate cultures (one for each original liquid culture) were tested immediately for Lac(Ara) ϩ mutants by replica plating, as described below. The four remaining S-plate cultures (again, one for each liquid culture) were placed in an incubator at 37ЊC and starved for 7 days, after which they too were tested for Lac(Ara) ϩ mutants by replica plating. To test for Lac(Ara) ϩ mutants by replica plating, S-plate cultures were first prepared as master plates by spraying each with ϳ0.1 ml of a 10% solution of glycerol, using an atomizer, and incubating them for 24 h at 37ЊC to allow growth of a lawn of cells. Replicate selection plates were then made by impressing each master plate once onto a velveteen surface and then impressing the velveteen sequentially onto four Davis minimal agar plates containing lactose and arabinose at concentrations of 2 mg ml Ϫ1 each. The 16 replica plates (four for each master plate) were incubated for 48 h at 37ЊC to allow growth of any Lac(Ara) ϩ mutants into visible colonies. Immediately after the replica plates were made, the master plates were assayed for the presence of Lac(Ara) ϩ colonies by spraying them with a solution of 5% lactose and 5% arabinose (wt/vol) containing 500 g of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (Sigma) ml
.This allowed Lac(Ara) ϩ colony locations on the master plates to be detected as blue spots against the lawns of white Lac(Ara) Ϫ cells after 48 h of incubation at 37ЊC.
No Lac(Ara) ϩ mutants were detected on replica or master plates made from the unstarved S-plate cultures. This result is consistent with earlier studies which showed that Lac(Ara) ϩ mutants are not detectable in MCS2 cultures growing, or freshly grown, on glucose or glycerol (2, 13, 15) . In contrast, numerous Lac(Ara) ϩ colonies were detected on replica and master plates made from the four S-plate cultures that had starved for 7 days: the mean number Ϯ standard error of the mean of independent Lac(Ara) ϩ colonies detected per set of four replica plates was 25.75 Ϯ 1.63.
Had the mutant ancestors of the Lac(Ara) ϩ colonies observed on the replica plates from 7-day S-plate cultures arisen during starvation before exposure to lactose and arabinose, or had they arisen as a result of this exposure? Inspection of Lac(Ara) ϩ colony locations on the replica and corresponding master plates supported the former explanation. In most cases, the location of a Lac(Ara) ϩ colony on a given replica plate was matched on at least two other plates (replica or master) in the same set of five, suggesting that cells from Lac(Ara) ϩ colonies preexisting on the master plates had been transferred to the replica plates. A total of 103 independent Lac(Ara) ϩ colony locations were observed among the four sets of replica plates. Of this total, 57 colony locations were represented on all four replica plates plus the master of the set in which they occurred, 21 locations were represented on four plates (replica or master) within the appropriate set of five, 12 locations were represented on three plates (replica or master), and 12 locations were represented on 2 plates (replica or master); only one unreplicated Lac(Ara) ϩ colony was observed on a replica plate. Therefore, it appears that almost all (102 of 103) of the Lac(Ara) ϩ colonies detected upon exposure of starved cells to lactose and arabinose on the replica plates were descended from preexisting mutant colonies on the master plates. [Colonies that were observed on the master plates but not on the replica plates were not included in this total. Of the 114 Lac(Ara) ϩ colonies revealed by the application of lactose, arabinose, and X-Gal to the master plates, 81% (92) were in the locations predicted by inspection of the replica plates.]
For these results to be interpreted as supporting directed mutation one would have to suppose that, for some reason, the members of only certain colony-sized clumps of cells on the master plates had become highly predisposed to undergo Mu excision upon exposure to the sugars. Of course, such a coincidence is very unlikely; a similar ad hoc objection could be raised against any replica-plating experiment. Alternatively, one could hypothesize that starvation without sugars had caused isolated cells on the master plates to become highly predisposed to undergo Mu excision upon exposure to lactose and arabinose and that this predisposition had been retained and inherited on the master plates during growth on the glycerol before the replica plating. A molecular model for unstable Mu excision intermediates, conceivably capable of responding to the presence of arabinose and lactose by completing excision and becoming Lac(Ara) ϩ , has been suggested (16) . However, it seems unlikely that the complex DNA conformation of such intermediates would survive the passage of a replication fork associated with growth on a carbon source other than arabinose and lactose (e.g., glycerol) and give rise to clones of unstable intermediates. Indeed, Maenhaut-Michel and Shapiro (12) have recently demonstrated that putative Lac(Ara) ϩ mutants isolated by sib selection (and therefore never exposed to lactose and arabinose) nonetheless produce active ␤-galactosidase; arabinose and lactose are not required for the appearance of the Lac(Ara) ϩ phenotype. It is reasonable to conclude in the present experiment that Lac(Ara) ϩ mutants had arisen on the master plates during starvation, but before exposure to lactose and arabinose, and that they had grown into colonies suitable for replica plating after glycerol had been added.
The results of this experiment complement recent results obtained by sib selection (12) and fluctuation analysis (7) . All three of the classical genetic methods of testing for preadaptive mutants have now been used to test the hypothesis of directed mutation in MCS2. In each case, the prior conclusion of Mittler and Lenski (13) -that Mu excision is not directed-has been upheld. The present experiment provides particularly strong evidence against directed mutation in MCS2, since it can be inferred that nearly all (102 of 103) of the Lac(Ara) ϩ mutants observed on lactose-arabinose replica plates were preexisting. The original hypothesis that Mu excision in MCS2 is directed by the presence of lactose and arabinose has been rejected.
Additional claims of directed or adaptive mutation remain (for example, see references 1 and 8), and it is of interest to ask whether the method described here would be useful in examining those claims. The answer will chiefly depend on the survival of mutants that arise in cultures starving without a carbon source. Lac(Ara) ϩ mutants apparently survive for many days in MCS2 cultures on a minimal medium lacking sugars. Mittler and Lenski (13) reported that the rate of decline of viable Lac(Ara) ϩ mutants on salts-only plates was much lower (ϳ9% per day; not statistically different from zero) than that of the progenitor Lac(Ara) Ϫ cells (ϳ78% per day) under the same conditions. This explains why Lac(Ara) ϩ mutants can be detected in starving MCS2 cultures. In some purported cases of directed mutation (for example, see reference 1), mutants have not been detected in cultures that have been starved in the absence of sugars for many days. As has been noted previously, however (5, 10, 14) , it is possible that such mutants do arise but die at a high enough rate that they are difficult to detect. If this is so, definitive tests will require methods other than those employed to examine Mu excision in MCS2.
